Background & Aims of the Study: Heavy metals are the most important and main pollutants because of their accumulation and high toxicity even at very low dose and cause serious hazards to ecological system as well as human health. Thus, their removal has been challenged from drinking water and industrial waters with different technologies. The purpose of this work is to investigate the removal of Cr(VI) from aqueous solutions. Materials & Methods: NiFe 2 O 4 nanoparticles was prepared by the co-precipitation method and then applied for adsorption of Cr(VI) ions from water. Characterization of nanoparticles was carried out via TEM, EDX, XRD and BET analysis. Various physicochemical parameters like the effect of contact time, pH and adsorbent dose were studied, using batch process to optimize conditions for maximum adsorption.
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Chromium (Cr) is a generally heavy metal contaminate because of its highly toxic and bioaccumulatively (1) . It is carcinogenic, mutagenic and thus is a threat to human health. In natural environments, chromium can exist mostly in two stable oxidation states: Cr(III) and Cr(VI). Among these two, hexavalent chromium exerts the most damaging toxic effects on living organisms, being highly soluble and mobile in water (2 (3, 4) . Cr(VI) used in various industries, including leather tanning, stainless steels production, preparation of pigments and dyes, glass and ceramics, battery, metal electroplating and wood preservation etc (5, 6) . Cr(VI) has been reported to have detrimental effects on lungs, livers, kidney and nervous system of mammals (7, 8) . The US Environmental Protection Agency has set the maximum total Cr content in drinking water as 0.1 mg L -1 (9) . Thus, the removal of low concentration of Cr(VI) ions from wastewater is very significant (10). Various technologies have been used to remove Cr(VI) from water such as adsorption, chemical treatment, ion exchange, membrane process and electrochemical precipitation (11) . Adsorption has been most widely utilized owing to availability, ease of operation, economical method and effective in comparison with other customary methods (12, 13) . NiFe 2 O 4 nanoparticles with the general formula MFe 2 O 4 (M=Fe, Co, Ni, Zn, Cu, Mn, etc.) are the most popular materials in removal of heavy metals from water because of their large surface area, low toxicity, easy preparation and the unique advantage of easy separation under external magnetic fields (14, 15) . This material is also ferrimagnetic as a result of parallel alignment of the spins of the Fe 3+ ions at tetrahedral sites and both the Ni 2+ and Fe 3+ ions at octahedral sites. Moreover, the magnetic behavior of these nanoparticles depends mostly on their size (16, 17) .
Aims of the study:
This work has studied the efficiency of NiFe 2 O 4 nanoparticles as an adsorbent for adsorption of Cr(VI) from an aqueous solution. The adsorption studies were carried out at different pH values, different adsorbent dose and contact time in a batch experiments. In addition, the kinetic and isotherm parameters of the adsorption were computed and the mechanism of Cr(VI) adsorption on NiFe 2 O 4 nanoparticles was discussed.
The concentration of Cr(VI) ions was measured, using inductively coupled plasma optical emission spectrometry (ICP-OES) (JY138 ultrace, France). A pH meter (780, Metrohm, Herisau, Switzerland) equipped with a combined Ag/AgCl glass electrode was used for pH measurements. The structure of synthesized nanoparticles was determined by XRD (38066 Riva, d/G.Via M. Misone, 11/D (TN) Italy) at ambient temperature. The structure of the NiFe 2 O 4 nanoparticles was characterized by a transmission electronic microscopy (TEM, Philips, CM10, 100 KV). Specific surface area and porosity were defined by N 2 adsorption-desorption porosimetry (77 K), using a porosimeter (Bel Japan, Inc. is the volume of solution and W (g) is the mass of adsorbent (20) . The Cr(VI) ions removal efficiency was evaluated, using equation (2): (2) The TEM micrograph and calculated histogram of the NiFe 2 O 4 nanoparticles are shown in Figure 1 . The X-ray diffraction pattern of NiFe 2 O 4 nanoparticles is shown in Figure 2 . Also, Figure The pHpzc is an important characteristic that indicates the electrical neutrality of the surface of the adsorbent at a particular value of pH. The Adsorbent dose is a significant parameter that effect in adsorption studies because it determines the removal capacity of adsorbent for a given initial concentration of metal ion solution. In the present study, the adsorbent dose was varied from 0.002 to 0.04 g at fixed Cr(VI) concentration of 20 mg L -1 . The obtained results are shown in Figure 5 which reveals that the removal efficiency is maximum (98.5) at Cr(VI) dose of 0.01 g. The effect of adsorption time was studied at initial concentrations of 20, 70 and 140 mg L -1 , respectively. Adsorption tests were carried out in a time interval between 0 and 70 min. As Figure 6 shows, equilibrium for Cr(VI) ions was reached within 55 min. To analyze the adsorption kinetic rate constant of Cr(VI) ions onto NiFe 2 O 4 nanoparticles, pseudo-first-order and pseudo-second-order models were applied to the experimental data. Different kinetic parameters of both models are listed in Table 1 . Also, the linear fitting of kinetics models are shown in Figure 7 . To evaluate the equilibrium adsorption data in this work, two usual isotherm models, like the Langmuir and Freundlich models are used to explain the equilibrium data. The adsorption isotherms for Cr(VI) ions onto NiFe 2 O 4 nanoparticles at 25 °C are shown in Figure 8 . The isotherm constants for the adsorption of Cr(VI) ions on NiFe 2 O 4 nanoparticles are listed in Table 2 to nitrogen adsorption/desorption isotherms measured at 77 K. This is a standard procedure for the determination of the specific surface area of sample. The specific surface area of the sample is determined by physical adsorption of a gas on the surface of the solid and by measuring the amount of adsorbed gas corresponding to a monomolecular layer on the surface. The data are treated according to the BET theory (21, 22) . The results of the BET method demonstrated that the average specific surface area of NiFe 2 O 4 nanoparticles was 63.7 m 2 g −1 . It can be concluded from these values that the synthesized nanoparticles have relatively large specific surface areas and may be better for adsorption. As shown in Figure 4b , the removal percentage decreased sharply with the increase of pH from 3.0 to 10.0. The adsorption was higher in lower acidic solutions with a maximum adsorption efficiency of 98.0 % at pH 3.0. This could be explained by the pHzpc of the NiFe 2 O 4 nanoparticles, which is illustrated in Figure 4a . 4 − at lower pH (1.0-5.0). As the pH rises, the dominant species of Cr(VI) are CrO 4 2− , Cr 2 O 7 2− . A similar behavior has been reported for Cr(VI) removal on Magnetite nanospheres (23). Figure 5 shows the effect of adsorbent dosage on the adsorption efficiency of Cr(VI) from water. It is observed that the removal percentage increases from 65% to 98.5% with an increase in adsorbent dosage from 0.002 to 0.01 g. This is because of an increase in the surface area and availability of more active sites for adsorption. Afterwards, the removal efficiency remains unchanged with increase in adsorbent dosage due to the Cr(VI) becomes limiting in the system. In a recent study by Du et al., 97.0% Cr(VI) removal percentage was observed, using 40 mg MnO 2 nanowires/diatomite from 100 mL of 20 mg L -1 (24) . Contact time is one of the most important parameters in the design of economical wastewater treatment systems. To studies the contact time, three different initial concentrations of Cr(VI) ions were selected, 20, 70 and 140 mg L -1 . It can be seen from Figure  6 , that adsorption efficiency of Cr(VI) ions increased rapidly with increase in contact time until the establishment of equilibrium between the metal ions adsorbed on the surface of NiFe 2 O 4 nanoparticles and those present in the solution. After it reached the equilibrium, there were no important changes in metal ion concentrations. The adsorption took place more rapidly at initial phases and gradually slowed down as it reaches the equilibrium state. This behavior is quite usual because of the saturation of the available surface active sites. The experiments showed that the equilibrium was reached within 55 min for the Cr(VI) ions. Similar results were observed by Guo who studied the effect of contact time on removal of Cr(VI) from aqueous solution by amino functionalized magnetic graphenes composite material and indicated that adsorption increases with increasing contact time (9) . In order to discover the characteristics of the adsorption process in detail, the pseudo-firstorder and pseudo-second-order kinetic models were used to determine the dynamics of the adsorption process. The pseudo-first-order and pseudo-second-order models can, respectively, be expressed by equations [3] and [4] (25):
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whereq e and q t are the amount of Cr(VI) ions adsorbed (mg g -1 ) at equilibrium and time t (min); k 1 is the rate constant of pseudo-firstorder (min -1 ); k 2 is the rate constant of pseudosecond-order (g mg -1 min -1 ) for adsorption. The fitting curves and kinetic data were shown in Figure 7 and Table 1 . According to the comparison of correlation coefficients (R 2 ) derived from two kind of models, the pseudosecond-order model was possessed of higher R 2 value at all the studied initial concentrations and thus could describe the best Cr(VI) ions adsorption on adsorbent. It is also seen that the fitting curves by pseudo-second-order equation matched better with the experimental data, further confirming the conclusion stated above. In addition, the experimental and theoretical values of q e (obtained from pseudo-secondorder model) are very close. All these results indicated the adsorption process in the study belonged to the pseudo-second-order kinetic model. Adsorption isotherm portrayed how adsorbates interacted with adsorbents, which was critical in optimizing the practical use of adsorbents and realizing the adsorption process. To monitor the adsorption isotherm, Langmiur and Freundlich models were selected to research the equilibrium data. The linearized Langmiur isotherm equation (5) and Freundlich isotherm equation (6) can be expressed as follows (26, 27) :
where c e (mg L −1 ) is the equilibrium concentration of Cr(VI) ions in solution, q e (mg g −1 ) is the equilibrium adsorption capacity of NiFe 2 O 4 nanoparticles, q m (mg g −1 ) is the maximum adsorption capacity of NiFe 2 O 4 nanoparticles for monolayer coverage, b (L mg −1 ) is a constant related to the adsorption free energy, K f (mg 1− (1/n) L1/n g −1 ) is a constant related to adsorption capacity and n is an empirical parameter which is related to adsorption. Values of isotherm model parameters are listed in Table 2 . The correlation coefficient (R 2 ) value was found greater than 0.99, which clearly showed the suitability of Langmuir model to describe the adsorption process (Figure 8a) (29), graphenes magnetic material 39.9 (9) and MnO 2 nanowires 152 (24), respectively. However, higher adsorption capacity was observed by the adsorbent (NiFe 2 O 4 nanoparticles) prepared in this work. For the Langmuir adsorption process, the influence of the isotherm shape on whether adsorption is favorable or unfavorable can be classified by a dimensionless separation factor R L , which is considered as a more reliable indicator of the adsorption capacity. This constant is evaluated as:
Where C 0 is the maximal initial Cr(VI) concentration and b is the Langmuir adsorption constant (L mg -1 ). The values of RL indicate the shapes of isotherms to be either unfavorable (R L >1), linear (R L =1), favorable (0 <R L < 1) or irreversible (R L =0). Favorable adsorption is reported when the R L values are between 0 and 1. In the present work, the R L value was 0.390 for Cr(VI) ions, which shows that the adsorption of Cr(VI) ions is favorable.
A new adsorbent was successfully prepared for Cr(VI) ions adsorption. SEM and BET analyses of the NiFe 2 O 4 nanoparticles indicated that the surface morphology and surface area of NiFe 2 O 4 nanoparticles can be useful for the adsorption of target adsorbate. The adsorption characteristics of the NiFe 2 O 4 nanoparticles were well elucidated by batch adsorption of Cr(VI) ions from an aqueous solutions. These results demonstrate Cr(VI) ions adsorption onto NiFe 2 O 4 nanoparticles via a monolayer adsorption on the homogeneous surface and was well described by rate-limiting pseudosecond-order kinetics. Also, the mechanism of adsorption can be explained by electrostatic attraction between the Cr(VI) ions and the NiFe 2 O 4 nanoparticles.
